). Syntelically athas been well understood for nearly 80 years, and its tached chromosomes, which do not give rise to tendescription therefore adorns the early chapters of most sion, are thereby selectively eliminated. biology textbooks. The aim is to segregate sister chroIf the first phases of mitosis, known as prophase, matids produced during the duplication of chromoprometaphase, and metaphase, are concerned with ensomes to opposite poles of the cell prior to its division.
activity depends on an accessory protein called Cdc20 (Zachariae and Nasmyth, 1999) (Figure 1 ). Cdc20 is thought to recruit substrates to the APC/C by binding to both partners. Cdc20's C-terminal domain is composed of WD40 repeats that form a β propeller that binds both the APC/C and its substrates and a less structured but nevertheless highly important N-terminal domain that is essential for controlling Cdc20's activity.
Video microscopy has shown that the time taken for all chromosomes to biorient during the first part of mitosis can vary considerably between cells but that the interval between biorientation of the last chromosome and sister chromatid separation is relatively invariant and lasts about 20 min in mammalian tissue culture cells (Rieder et al., 1994) . Crucially, cells rarely if ever trigger sister chromatid separation while there still exist chromosomes that have not bioriented. Furthermore, disassembly of microtubules by the addition of poisons such as colchicine and nocodazole delays sister chromatid separation as well as exit from the mitotic state for many hours. The suggestion is that cells are capable of monitoring the attachment of kinetochores to microtubules and prevent activation of the APC/C and hence separase when kinetochores are unoccupied by microtubules. This surveillance mechanism is known as the spindle assembly checkpoint or SAC (Hoyt et al., 1991; Li and Murray, 1991). It has been suggested but never fully proven that cells can also sense the lack of tension at kinetochores and block APC/C activity also under these circumstances (Stern and Murray, 2001 ). Importantly, work on yeast showed that cells carrying specific mutations in Cdc20's N-terminal domain were incapable of delaying destruction of securin and cyclin B in the presence of spindle poisons, which suggested that the SAC prevents separase activation and mitotic exit by inhibiting the ability of Cdc20 to bind either its substrates or the APC/C (Kim et al., 1998; Hwang et al., 1998). The SAC is a remarkable control mechanism because a single unattached kinetochore is capable of preventing the activity of all Cdc20 molecules in a mitotic cell. Activation of the SAC can induce cells to arrest almost indefinitely in a metaphase-like state.
The SAC is essential in mammalian cells but surprisingly not so in budding yeast, where chromosomes can be segregated reasonably accurately without the SAC. The relative unimportance of the SAC during mitosis in yeast was fortunate, as it enabled the identification of proteins necessary for the SAC by isolating mutants that failed to prevent exit from mitosis upon disassembly of microtubules (Hoyt et al., 1991; Li and Murray, 1991). Orthologs of four of these proteins are encoded Their function is at the moment obscure, Mad2 and Cdc20 at unattached kinetochores sufficient to inactivate all Cdc20 protein in the cell within a few but it might also be to facilitate complex formation between Mad2 and Cdc20. To these facts, we need to add minutes? As far as I know, the actual fluxes of these proteins at kinetochores have not yet been determined.
an additional assumption that is not supported by hard facts but instead by intuition. Because the amount of Any rigorous understanding of the SAC will require this information. Nevertheless, photobleaching of fluoresMad1 at kinetochores is much less than the amount of Cdc20 in the cell that must eventually be sequestered cent variants of Mad1 and Mad2 has revealed that most Mad1 associated with unattached kinetochores does by Mad2, the SAC cannot work merely by recruiting Cdc20 to kinetochores where it binds to Mad2 recruited not turn over rapidly, whereas a large fraction of Mad2 turns over rather rapidly (Howell et A key breakthrough in the field was the elucidation the apo-Mad2 structure determined by NMR. While the first 160 residues of Mad2 are structurally invariant in by Sironi et al. of a crystal structure formed between Mad2 and a fragment of Mad1 (Mad1 485-584 ) that conapo and Mad1 bound Mad2, including all three of its α helices (from left to right, α3, α1, and α2), the C-tertained its Mad2 binding sequences and some but not all of its coiled coils (Sironi et al., 2002) . This segment minal region containing β strands 7 and 8 as well as the loop connecting β strand 7 with 6 is displaced from its of Mad1 contained two α helices (α1 and α2) that surrounded the short segment of Mad1 that actually binds association with helix α2 at the right side of Mad2 and binds instead to helix α3 on its left side (Figures 2 and Mad2. The key to growing these crystals was the elimination of Mad2's ability to oligomerize, which otherwise 3). In apo-Mad2, β7 and β8 augment on its right-hand side a β sheet composed of β5, β4, and β6, while, in creates polydisperse complexes. Because oligomerization was a property shared by Mad2 proteins from Mad1-Mad2 complexes, β7 and β8 augment this same sheet through association with β5 on its left-hand edge.
many different organisms, Sironi et al. (2002) mutated to alanine all conserved residues on Mad2 that were
In the course of this huge rearrangement, β1 is displaced as β5's left-hand neighbor and the register of predicted to be exposed to solvent and hence available for interaction with equivalent residues on another both β7 and β8 altered so that sequences at the extreme C terminus of Mad2 are now included within β8.
Mad2 molecule. It is important to point out that this exercise was only possible because the existing NMR
The latter neatly explains the previous finding that deletion of Mad2's C-terminal amino acid sequences prestructure was available to guide their mutagenesis . The results imply that Mad2 dimers only form between Mad2 subunits that are in sengers cannot readily be released from Mad2. They cannot therefore easily be replaced by Cdc20 polypepdifferent conformations; that is, they form between a Mad2 subunit whose safety belt has "closed" (with β7 tide sequences.
To envision how Mad1:Mad2 complexes might faciliand β8 adjacent to the left side of β5), with or without a Mad1 or Cdc20 polypeptide topologically enclosed, tate the formation of equivalent Cdc20:Mad2 complexes, it is necessary to recall that Mad2 forms comand a Mad2 subunit whose safety belt is in a state ready to receive a passenger (with β7 and β8 adjacent plexes with itself as well as with Mad1 or Cdc20. Could not Mad1 bind to one Mad2 subunit and thereby influto the right side of β6). These two states are referred to as C-and O-Mad2, respectively, though note that the ence the probability that a second Mad2 subunit adopts a conformation compatible with Cdc20 bindsafety belt is not strictly open in the O state but rather According to this "template model" (Figure 4A ), a Cdc20 peptide to preassembled Mad1:Mad2 complexes completely failed to disrupt them; that is, the Mad1 polypeptide bound to an unattached kinetochore is trapped by a Mad2 protamer that will be in its C Another attractive feature of the template model is beauty of the template model is that it no longer invokes mysterious unknown forces. The next step must that it provides an explanation for how a protein called p31 comet facilitates the escape of cells from cell cycle be to solve the structure of Mad2 oligomers and thereby describe the mechanism by which O-Mad2 arrest caused by the SAC. p31 comet appears to share several properties with O-Mad2, namely an ability to binds to C-Mad2. This will be necessary to explain why neither C-Mad2 nor O-Mad2 can bind to themselves. bind C-Mad2 but not O-Mad2. This raises the possibility that p31 comet inactivates the SAC by acting as a Even without a structure of Mad2 dimers, it has nevertheless been possible to identify residues within competitive inhibitor of O-Mad2. If so, p31 comet would bind to Mad1:Mad2 complexes assembled at kinetMad2 that are essential for its oligomerization but not for its ability to sequester either Mad1 or Cdc20 polyochores and prevent them from recruiting O-Mad2, thereby preventing their catalysis of Cdc20:C-Mad2 peptides. As already pointed out, mutation of an arginine at position 133 to alanine (Mad2 R133A ) enabled the complex formation ( Figure 4B ). The structure of complexes between p31 comet and Mad2-C will clearly be ilformation of Mad1:C-Mad2 crystals by compromising Mad2's ability to oligomerize. However, for clean bioluminating. It should be stressed that many features of the SAC chemical experiments, it was necessary to create a Mad2 mutant that was also incapable of forming comremain deeply mysterious, not least the function of proteins like BubR1 and Bub3, which also form complexes plexes with otherwise wild-type Mad2 molecules. This was achieved by mutating simultaneously arginine 133 with Cdc20. Future experiments will be required to test whether the binding of these proteins to Cdc20 someto glutamic acid and an adjacent glutamine 134 to alanine (Mad2 R133E Q134A ). Gel filtration experiments conhow facilitates the ability of O-Mad2 to trap Cdc20. Also completely unexplained at the moment is how firmed that Alexa-labeled Mad2 R133E Q134A was both monomeric and incapable of being incorporated into 
